Erodium paularense Fern. Gonz. & Izco (Geraniaceae) is a perennial, narrow endemic species of central Spain. Recently, three new populations have been found 160 km northwest of the first site, although the taxonomic status of the new populations has not yet been published. Random amplified polymorphic DNA (RAPD) markers were used to confirm that the new populations belong to E. paularense , and to evaluate the genetic diversity among individuals, populations and regions. The two regions were clearly differentiated through UPGMA , whereas significant φ ST distances between all pairs of populations were obtained by AMOVA . Genetic distances between populations were partially explained by geographical distances. The clear genetic differentiation among regions, on top of the geographical distance and differences in geological substratum, supports a taxonomical discrimination of the regions at a subspecific level.
Introduction
Erodium paularense Fern. Gonz. & Izco (Geraniaceae) is an endemic species of central Spain with a restricted distribution area. It is a perennial chamaephyte with woody stems, crowned by rosettes of greyish-green leaves and floral scapes. E. paularense has been classified as vulnerable according to IUCN categories (Gómez-Campo 1987; Domínguez Lozano et al . 1995) . It is included in the subsection Petraea Brumh . and could have differentiated after being geographically isolated from an ancestor of E. glandulosum (Cav.) Willd., its closest species (Fernández-González & Izco 1989) . Until recently, only three populations were known, all of them located in Lozoya River Valley ('El Paular' region), at 1100 m altitude, on the southwestern side of Sierra de Guadarrama. These populations occupy an area of around 5500 m 2 and comprise 15 500 individuals, the two most separated populations being 1000 m apart (González-Benito et al . 1995) . Although glandular gneiss is predominant in Sierra de Guadarrama, the populations are found on two small hills of dolomitic rocks.
Different methods of DNA fingerprinting have proved to be useful, with a wide range of applications in plant population studies, such as the detection of genetic variation within and between populations, the characterization of clones, the analysis of breeding systems, and the analysis of ecogeographical variation (Weising et al . 1995) .
A genetic diversity study using the random amplified polymorphic DNA (RAPD) technique of the 'El Paular' populations of E. paularense showed that the withinpopulation variability was of a similar order in the three populations, and highly significant genetic differences between populations were detected through amova (analysis of molecular variance) (Martín et al . 1997) . Withinpopulation diversity contributed 80 -85% to the species diversity, a value typical of an outbreeding plant.
Recently, the existence of new populations of E . paularense was reported (C. Navarro, personal communication). However, the taxonomic status of these populations has not yet been published. The new location ('Atienza' region) is 160 km northwest of the previous one, in an area of small valleys and hills south of Sierra de Bulejo, in the Cañamares River basin. Three populations were distinguished with a total area of approximately 2 ha, at an altitude of 1100 m, on andesites outcrops. Population 'Barranco de Valdegómez' (population 1) comprises approximately 22 000 individuals and is located on both sides of a small stream valley, facing south and north. Populations 'El Cerrillo' (population 2) and 'Majadas de los Pozuelos' (population 3) occupy two small hills (10 000 and 20 000 individuals, respectively). Road-widening works threaten population 'El Cerrillo'. The other two populations are at times under a strong grazing pressure.
In the present study, a genetic analysis of individuals from the two regions ('El Paular' and 'Atienza') was carried out. The purpose of this study was to genetically characterize the new populations and to obtain a better understanding of the species' genetic composition. This knowledge is of great importance for the establishment of a conservation strategy for the species. Samples of two other species of the Petraea subsection ( E. glandulosum (Cav.) Willd. and E. rupestre (Pourret) Guittonneau) and of E. cicutarium (L.) L'Hér. were also included to have a first approach on the phylogenetic relationships.
Materials and methods

Plant material
Sixty plants from 'El Paular' populations and 40 plants from the three 'Atienza' populations were employed to carry out the DNA analyses. In order to have reference points when comparing the new populations with the populations of the original site, three other species of the same genus were included in the analyses. Erodium glandulosum and E. rupestre also belong to the Absinthioidea section, Petraea subsection, whereas E. cicutarium belongs to the Cicutaria section . The number of plants considered in each case and the code number used in this work are shown in Table 1 .
DNA isolation
DNA was extracted from young leaves of single individuals. A small amount of tissue ( ≈ 20 mg) was placed in a 1.5 mL microfuge tube (partially immersed in liquid nitrogen) and homogenized using a polypropylene pellet pestle mixer driven by a hand-held cordless motor. The powder was then mixed with 0.7 mL of extraction buffer. The extraction buffer consisted of 2% (w/v) CTAB, 1.4 m NaCl, 100 m m Tris-HCl pH 8.0, 0.4% (v/v) β -mercaptoethanol, 20 m m ethylenediamine tetraacetic acid (EDTA), 3.8 g/L Na-bisulphite and 1% (w/v) PVP. The homogenate was incubated at 65 ° C for 1 h. Subsequently, 0.6 mL of chloroform/isoamyl alcohol (24:1) was added and mixed by inversion for 5 min, and then centrifuged at 12 000 g for 15 min. The supernatant was transferred to a new microfuge tube and the DNA was precipitated from the aqueous phase with 500 µ L of ice-cold isopropanol. The mixture was kept in the freezer for 1 h and then pelleted by centrifugation at 12 000 g for 5 min. The isopropanol was removed and 0.3 mL of 70% ethanol (room temperature) was added to wash the DNA pellet, the tube was subsequently spun at 12 000 g for 5 min. After air drying, the pellet was redissolved in 100 µ L of sterile distilled water. DNA concentrations were estimated using a Hoefer TKO 100 DNA fluorometer.
Polymerase chain reaction (PCR) and electrophoresis
Twenty decanucleotides of arbitrary sequence obtained from Operon Technologies Inc. were tested for PCR amplification. Nine of them were chosen to assess the genetic variability of the samples: OPO-4, OPO-5, OPO-6, OPO-7, OPO-10, . DNA amplification reactions were performed in a volume of 25 µ L containing approximately 10 ng of template DNA, 0.2 µ m of a single decanucleotide, 200 µ m of each dNTP, and 1 unit of Taq DNA polymerase in the buffer provided by the manufacturer of the enzyme (Biotaq). The reaction mixture was overlaid with a drop of mineral oil. Amplification was performed in a DNA Thermal Cycler 480 (Perkin-Elmer Cetus) programmed as follows: one cycle of 1 min at 94 ° C; 35 cycles of 45 s at 92 ° C, 1 min at 37 ° C and 2 min at 72 ° C, followed by one cycle of 3 min at 72 ° C. In order to test reproducibility, duplicate reactions were run with each primer with 40 randomly selected DNA samples. Aliquots of 12 µ L of amplification products were loaded on to 1.5% (w/v) agarose gels for electrophoresis in 1 × TBE buffer (Sambrook et al . 1989) , followed by staining in ethidium bromide. The gels were visualized and photographed under UV light. Molecular weights were estimated by reference to a 100 bp ladder (Pharmacia). 
Data analysis
Specific amplification products were scored as present (1) or absent (0). The Jaccard coefficient (Rohlf 1992 ) was employed to create the similarity matrix in order to construct a dendrogram by the upgma method (Rohlf 1992) . Genetic diversity was estimated using Shannon's information measure (Lewontin 1972 In addition, amova (Excoffier et al . 1992 ) was implemented to estimate variance components for RAPD phenotypes, partitioning the variation among populations and among individuals within populations. After excluding markers that were monomorphic for the entire data set, the vector of marker presence/absence states for each individual was used to compute the distance metric D = 100(1 − F ) for all pairs of individuals, where F is Nei & Li's (1979) estimator of similarity ( F = 2 n xy /n x + n y , n x and n y being the total number of markers observed in individuals x and y , respectively, and n xy the number of markers shared by the two individuals). The resulting distance matrix was subjected to the amova analysis. The significance level of variance component estimates was computed by nonparametric permutational procedures. All analyses were undertaken with amova version 1.55, provided by L. Excoffier (Genetics and Biometry Laboratory, University of Geneva, Switzerland).
The homogeneity of molecular variance among populations and among regions was tested with Bartlett tests, which are also implemented in the amova 1.55 program. Pairwise genetic distances ( φ ST ) among the populations and their level of significance were also obtained from the amova . A Mantel test was used to test whether the matrix of genetic distances was correlated with the matrix of geographical distances (2000 permutations; routine mxcomp of the ntsys -pc package; Rohlf 1992).
Results
The RAPD profile
A total of 171 markers (monomorphic as well as polymorphic) obtained with the nine primers were considered for the analysis of the 106 samples from the four species included in this work. From them, 127 markers were found in samples of Erodium paularense , 67 in E. glandulosum , 63 in E. rupestre , and 44 in E. cicutarium . These last three species shared 70%, 71% and 34% of their markers, respectively, with E. paularense . Examples of RAPD profiles due to primers OPO-6 and OPO-16 are shown in Fig. 1 . Considering only the markers found in E. paularense samples, 10.24% (13 markers) were monomorphic, three of them also being monomorphic for the samples analysed in the other three species. Monomorphic marker 19/700 can be considered specific for E. paularense , as it did not appear in any of the samples of the other three species. Of the 127 markers present in E. paularense , 107 (84.25%) were shared by both regions, while seven markers (5.51%) were exclusive to 'El Paular', and 13 (10.24%) were found only in 'Atienza' populations. One of the seven markers exclusive to 'El Paular' in E. paularense was also found in all the three other species. Similarly, one of the 13 markers exclusive to 'Atienza' was also found in E. cicutarium samples, whereas two other markers also appeared in E. glandulosum and E. rupestre . Therefore, among all the individuals sampled in this study, only six markers can be considered strictly exclusive to the 'El Paular' region and 10 to 'Atienza'.
Of the 114 markers scored in 'El Paular' samples, 18 (15.8%) were monomorphic for the three populations comprised, and only population 1 had two markers specific for the population. In the 'Atienza' region, 120 markers were scored and 20 of them (16.7%) were monomorphic. All three 'Atienza' populations had at least one specific marker which was absent in the other two populations (four markers in population 1, three in population 2 and one in population 3).
Cluster analysis
The dendrogram obtained by the upgma method from the 171 markers scored in the 106 samples of E. paularense 'El Paular' (60 individuals), E. paularense 'Atienza' (40 individuals), E. glandulosum, E. rupestre and E. cicutarium (two individuals each) is shown in Fig. 2 . The two samples of E. cicutarium were clearly separated at a low level of similarity (less than 10%) from the rest. A second division at a level of similarity of approximately 30% separates the four samples corresponding to E. rupestre and E. glandulosum from the samples of E. paularense. However, no significant differentiation between E. rupestre and E. glandulosum was found. A third cluster contains all the samples of E. paularense. The low level of similarity of E. cicutarium was an expected result as this species belongs to a different section than the other three species. Likewise, the closest similarity of the group containing E. rupestre and E. glandulosum, and the main cluster of E. paularense can be explained as the three species belong to the same subsection, Petraea.
The main cluster with all the presumed E. paularense samples is clearly subdivided into two groups, one containing all samples coming from 'El Paular' (group P) and the other one with the individuals from 'Atienza' (group A). All the plants showed a different RAPD pattern except two individuals from population 1 in Atienza (A111 and A112) which had a 100% similarity. Within group P, three subgroups can be observed and an individual sample (P321) which does not cluster with any of them. Each subgroup corresponds to one of the considered 'El Paular' populations. Only two samples are in a different subgroup: sample P28 from population 2 is found in the cluster corresponding to population 1, and sample P312 from population 3 is in the population 2 cluster. The subgroups of population 2 and population 3 have more similarity between them than with the population 1 subgroup.
Group A, containing all the individuals from the 'Atienza' region, does not have such a clear structure of populations as group P. A sample from population 1 (A114) does not cluster with any of the two main subgroups observed. One of the subgroups contains 75% (15 of 20) of the individuals from population 1 and one sample from population 3. The other subgroup is composed of the remaining five samples from population 1 and all the individuals from the other two populations in 'Atienza', but there is no clear separation of these samples into subgroups according to the different populations considered previously.
Genetic diversity estimates
Considering the samples from the three populations of 'El Paular' and those from the three populations of 'Atienza' as individuals corresponding to the same species, E. paularense, with two different regional locations, the diversity partition was calculated at three different levels: (a) a partition of the diversity of all the individuals of the species into diversity within populations and diversity among populations from all the six populations of the species; (b) a partition of the diversity found in each region ('El Paular' and 'Atienza') separately; (c) a partition of the diversity within and among regions. In the second case (a partition of the diversity found in each region), the diversity was partitioned into diversity within and among populations considering only the three populations comprising each region. So at this level there is a partition for 'El Paular' region, and another for 'Atienza' region.
Partition of the diversity of the species by populations. The genetic diversity measures (H O ) within populations were calculated for each of the primers ( Table 2 ). The lowest level of within-population variability was found in population 2 from 'Atienza' (H O = 2.5143), and from 'El Paular' in population 1 which showed a slightly lower value (H O = 2.7414) than the other two populations.
The mean diversity within populations of E. paularense was 2.8021 (Table 2 ) and the mean diversity within the Fig. 2 Dendrogram of all the samples analysed from the four species of Erodium, using the upgma clustering method. P, samples of E. paularense from the 'El Paular' region; A, samples of E. paularense from the 'Atienza' region. species (H sp ) was 4.0568 (Table 3 ). The proportion of diversity within populations (H pop /H sp ) was 68.25%, whereas the diversity among populations ([H sp − H pop ]/H sp ) was 31.75% of the total diversity. All the primers used detected more variability within than among populations (Table 3) .
Partition of the diversity of each region by populations. Considering only the three populations corresponding to the 'El Paular' region, the mean diversity within populations was 2.8001, and the mean diversity within the region was 3.5855 (Table 4 ). The proportion of diversity within populations in the region (H pop /H regP ) was 79.79% and the diversity among populations ([H regP − H pop ]/H regP ) was 20.20% (Table 4) .
The results obtained for the 'Atienza' region are shown in Table 5 . The mean diversity within populations was 2.8042, and the mean diversity within the region was 3.5353. The proportion of diversity within populations in the region (H pop /H regA ) was 82.80% and the diversity among populations ([H regA − H pop ]/H regA ) was 17.19% (Table 5) .
Therefore, the partition of the diversity within a region into diversity within and among populations of each region was of the same order for both cases.
Partition of the diversity of the species by regions. When the total diversity of the species (H sp ) was partitioned into a function of the average diversity of the two regions (Table 6 ). In summary, having taken into account the diversity partitions at the three levels considered, the genetic diversity estimates for the total samples of E. paularense studied could be summarized as follows: 15.10% from the total diversity of the species due to the variation among regions, 16.65% of variation among populations within regions and 68.25% of variation within populations.
The AMOVA partition amova obtained from the distance matrix (Table 7) showed highly significant (P < 0.0005) genetic differences between 'El Paular' and 'Atienza' regions, as well as between populations within each region. Of the total genetic diversity, 16.34% was attributable to regional divergence, 15.44% to population differences within regions, and 68.21% to individual differences within a population. When the partition of the total variance was made without considering a regional distribution of the six populations, 26.83% was attributable to amongpopulations diversity and the rest (73.17%) to differences within populations. Likewise, the partition estimating only the regional distribution of the individuals resulted in 21.59% of the total variance being due to diversity among regions, and 78.41% to differences within regions.
The genetic distances among populations obtained from the amova (distances = φ ST between pairs of populations) revealed a larger separation between populations from different regions (distance ranging from 0.3045 to 0.3562) than when a pair of populations located in the same region were compared. Only one exception was found in the distance between population 3 from 'El Paular' and population 1 from 'Atienza' (d P3-A1 = 0.2453) which was even lower than the distance existing between populations 1 and 3 from 'El Paular' (d P1-P3 = 0.2762). Likewise, distances among populations from 'El Paular' were higher than from 'Atienza'. Within 'El Paular', the closest populations were population 2 and population 3 (d P2-P3 = 0.1544), population 1 being more separated from them (d P1-P2 = 0.2097; d P1-P3 = 0.2762). In 'Atienza' populations, the lowest distance was found between population 2 and population 3 (d A2-A3 = 0.0901), although the other population was not so separated from them as in the case of 'El Paular' (d A1-A2 = 0.1243; d A1-A3 = 0.1484). All distances between pairs of populations were significantly different from zero. Thus, according to this criterion all six populations were clearly differentiated. Geographical distance explained in part the genetic distance among populations as the matrix of genetic distances among the six populations was correlated with the corresponding matrix of geographical distances (Mantel test: r = 0.858; 
The Bartlett test revealed a significant difference (P < 0.001) among the two regions' variances. However, the variances of the populations were not significantly heterogeneous.
Discussion
The RAPD technique (Williams et al. 1990 ) has been widely employed for characterization, mainly in cultivated species (e.g. Hu & Quiros 1991; Wilde et al. 1992; Demeke et al. 1996; Grando et al. 1996) , and, more recently, has proven to be a useful tool in studies on genetic population structure (e.g. Stewart & Porter 1995; Swensen et al. 1995; Friar et al. 1996; Palacios & González-Candelas 1997; Fischer & Matthies 1998) . Both aspects have been considered in this work when evaluating the genetic situation of the new populations of Erodium paularense in Atienza and comparing them with the known populations from El Paular. The analyses of the phenotypic RAPD markers through different methods (cluster analysis, Shannon's index and amova) have revealed very similar interpretations of the genetic structure of the populations considered.
The results obtained at a specific level for the four Erodium species considered agree with their currently held taxonomic classification in the genus (Guittonneau 1972) : E. cicutarium appears as a separated species as it belongs to a different section, while the other three species are contained in the Petraea subsection and are consequently more related. E. paularense is supposed to have been differentiated from an E. glandulosum ancestor (Fernández-González & Izco 1989) , which could explain the degree of similarity and the quantity of markers shared by both species. However, the existing differentiation between them, supported in part by the specific markers found in E. paularense, allows a clear discrimination of one species from the other (even with the low number of samples of E. glandulosum considered). On the contrary, discrimination between E. glandulosum and E. rupestre was not possible. Although the number of individuals from both species considered in this analysis was not enough to obtain a conclusion, these results favour the opinion of de Bolós & Vigo (1990) who placed these two taxa under a single species. Anyhow, the results show that E. glandulosum and E. rupestre are very closely related taxa, and that their genetic distance to E. paularense is larger than the distance between them. In any case, further studies would be necessary to achieve clear-cut conclusions. The clear differentiation of the individuals from the populations ascribed to E. paularense (both from El Paular and from Atienza) from those belonging to other taxa in the subsection Petraea, ratify the identity of the new Atienza populations as populations of E. paularense. Moreover, individuals from both regions are separated from the other species at the same level of similarity (Fig. 2) , showing that the degree of differentiation between both regions is not of the same order than that between species.
However, the existence of specific markers for the populations of E. paularense in El Paular (seven RAPD markers) as well as in the new populations in Atienza (13 RAPD markers), together with the diversity due to differences among regions detected through Shannon's index (15.10% from the total variation) and amova (16.34%), reveal significant differences between both groups of populations. These genetic differences, together with the geographical distance (160 km) and the existing differences in geological substratum (dolomite vs. andesite) suggest a possible taxonomic differentiation of the two regions at a subspecific level.
The study of the structure of the populations revealed very similar results to those obtained previously with a reduced sample from the three populations of El Paular (Martín et al. 1997) . In that study the diversity detected with RAPD markers was partitioned as 85.5% within populations and 14.5% among populations (Shannon's index). Similar results were obtained through amova (80.3% variation within populations and 19.7% among populations).
In the El Paular region, the RAPD φ ST distances between populations, as well as the upgma dendrogram (Fig. 2) showed a significant differentiation among populations, especially between population 1 and the other two. These results confirm those of Martín et al. (1997) carried out with a smaller sample size.
A similar analysis with the three populations of Atienza revealed a lower differentiation between populations than that observed in El Paular. Although the values of the partition of diversity among and within populations in both regions are of the same order, the upgma dendrogram was not able to separate the individuals from the three populations into different groups. Only plants from population 1 formed a fairly welldefined cluster, although not all the individuals of this population were included. Plants from populations 2 and 3 were situated in the same cluster without any class of subgroup structure. These data, together with the genetic distance between these two populations obtained from the amova analysis which was the lowest between any of the populations studied, could indicate that these two populations are actually one. However, the φ ST distance between population 2 and population 3 obtained through the amova was significantly different from zero. The geographical distance between them (larger than with population 1) was considered an argument in favour of separating both populations. A closer observation of the locations suggest that in the past there was a unique population comprising population 2 and population 3. The area that is nowadays separating them was in the past cultivated, and although it is now abandoned for this use, the original vegetation was not restored.
The most closely related individuals observed in the dendrogram are found in the cluster corresponding to the majority of 'Atienza' population 1 ('Barranco de Valdegomez'). Samples A111 and A112 shared all the markers scored (100% similarity). These samples were collected from two proximately located individuals (around 20 cm apart). This reflects the fact that, probably, both samples belong to a unique genotype occupying a wide area. As previously reported (González-Benito et al. 1995) , the group of rosettes that form an individual can be split, sometimes making it difficult to discern genets from ramets. The growth form sometimes makes it difficult to discern each individual, especially when population density is high. In demographic studies (González-Benito et al. 1995) an individual was defined as a group of rosettes less than 2 cm apart at soil level.
All 15 pairwise genetic distances (φ ST ) between populations were significant. That is, the genetic structure of each of the populations was significantly different from the rest. This strong genetic differentiation among populations suggests that gene flow among the populations is very low. Genetic differentiation among populations has been reported for a number of other rare plant species and has been attributed to the absence of interpopulation gene flow (Brauner et al. 1992; Dolan 1994; Raijmann et al. 1994; Travis et al. 1996) . Considering the distance between both regions, the isolation among populations from each region is even higher, as revealed by the heterogeneity of variance detected with the Barlett test. However, a significant loss of diversity through genetic drift has not been detected, probably because the size of the populations is not critically low (Ellstram & Elam 1993) .
In conclusion, the use of RAPDs to characterize and determine the genetic structure of the populations has proved to be a useful tool in the study of E. paularense. RAPD appears to be especially appropriate for the analysis of differentiation and loss of genetic variation through drift in rare species (Fischer & Matthies 1998) . Moreover, DNA polymorphism is probably a less-biased estimator of genetic variation than gene-product-level variation (e.g. allozymes) (Stewart & Excoffier 1996) .
From a conservation perspective, the strong genetic differentiation found mainly among regions, but also among populations, in E. paularense allows us to suggest that each population should be considered as a distinct management unit. This implies that seed samples collected in each of the populations and, especially, in each region, should be separately stored. Similarly, distinct conservation programmes should be implemented for the in situ management of the E. paularense populations in each region.
The high levels of polymorphism in each population and the homogeneity of the variances among populations indicate that, at present, no population is threatened by genetic depauperation. Other factors such as environmental stochasticity and anthropic alterations of the habitat pose a much greater threat on the viability of the E. paularense populations.
